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The realization of high efﬁciency quantum dot intermediate band solar cells is challenging due
to the thermally activated charge escaping at high temperatures. The enhancement in short
circuit current of quantum dot solar cells is largely undermined by the voltage loss. In this
paper, InAs/GaAs quantum dot solar cells with direct Si doping in the quantum dots are studied.
The open circuit voltage is improved with increasing doping concentration in the quantum dots.
The recovery of open circuit voltage as large as 105 mV is measured. This voltage recovery is
attributed to suppressed charge thermal escaping from quantum dots. The suppressed thermal
coupling is supported by the external quantum efﬁciency and photoluminescence measure-
ments.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
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hed by Elsevier Ltd. This is an op
/by/3.0/).
k (J. Wu).
to this work.Introduction
The concept of introducing an intermediate band (IB) to
increase the efﬁciency limit of a single-gap solar cell (SC) to
63.2% was proposed by Luque and Martí in 1997 [1]. The IB is
predicated to signiﬁcantly improve the photocurrent via
multi-photon absorption, while at the same time conserveen access article under the CC BY license
P. Lam et al.160the output voltage. Among the various efforts involved in
the development of IBSCs, zero-dimensional quantum dots
(QDs) with nominally discrete density of states have
attracted much attention [2–6]. The discrete energy levels
in the QDs can be employed as an IB and the electron ground
states in the QDs are tentatively designated as the IB. For
optimal SC performance, the IB is situated between the
valence band (VB) and conduction band (CB) such that the
absorption through the three transitions (VB-IB, IB-CB,
and VB-CB) may result in cell efﬁciency exceeding the
Shockley–Queisser limit [7]. One of the main challenges that
have prevented the QD-IBSC from functioning effectively is
the thermal coupling of IB and CB states [8]. This occurs
when carriers have the ability to transition between the IB
and CB via thermal excitation and relaxation, hence remov-
ing the need for two-photon excitation [9,10]. Subse-
quently, the split of quasi-Fermi levels for IB and CB can
not form. This results in a reduced open-circuit voltage
(VOC), which is often observed for QD-IBSCs, and hence
lowers the overall efﬁciency of the device [11,12]. There-
fore, thermal decoupling between IB and CB in QDSC is
of critical importance to realize the potential efﬁciency
theoretically predicted for IBSC. To this end, Tutu et al.
have reported recovery of VOC via removal of the wetting
layer (WL) that assist the thermal escape of electrons in
quantum dots [13]. Ramiro et al. have also reported an
InAs/Al0.25Ga0.75As QD-IBSC with thermal activation energy
140 meV higher than an InAs/GaAs QD-IBSC [14]. The
higher conduction band offset between InAs and
Al0.25Ga0.75As suppresses the carrier thermal escape up to
220 K. However, the carrier thermal escape and hence
voltage loss is still signiﬁcant at room temperature [13,14].
In this article, we report an alternative approach to inhibit
the thermal coupling between the IB and CB which is
detrimental to achieving intermediate band solar cells. We
directly doped the conventional InAs/GaAs QDs with silicon
with the aim of quenching the thermal transitions that occur
between the IB and CB. By intentionally applying Si dopants
to QDs, it forms a built-in ﬁeld at the QD/WL interface. This
increases the thermal activation energy of conﬁned carriers
and consequently reduces the thermal communication of
carriers between the IB and CB. A voltage recovery as high as
105 mV at room temperature has been achieved with a Si
doping density of 18 electrons (18e) per QD. Without using
any high bandgap material, this method has achieved a
voltage recovery similar to the start-of-the-art QDSCs [11].
We use both steady-state photoluminescence (PL) and tran-
sient PL spectroscopy to provide evidence that corroborates
our theory and experimental observations. By simply design-
ing the doping proﬁle in the QD region, an internal electrical
ﬁeld can be created and suppress the thermal-assisted
carrier escaping from the conﬁned states in the QDs. This
concept can also be applied to other kinds of quantum dot
solar cells, such as high density QDSCs and strain-balanced
QDSCs [11,16], to achieve high efﬁciency solar cells exceed-
ing their bulk counterparts.Experimental
All the epitaxial structures were grown by a solid-source
molecular beam epitaxy (MBE) on n+-GaAs (100) substrates.All QDSCs had a p–i–n structure consisting of a 200 nm GaAs
buffer layer with Si doping density of 1 1018 cm3, 1000 nm
GaAs base with Si doping density of 1 1017 cm3, 420 nm
intrinsic region, 250 nm GaAs emitter with Be doping density
of 2 1018 cm3, 30 nm InGaP window layer with Be doping
density of 2 1018 cm3, and 50 nm GaAs contact layer with
Be doping density of 1 1019 cm3. The intrinsic region of the
QDSCs contained 20 stacks of QD layers separated by a 20 nm
GaAs spacer. The QDs were grown by the Stranski–Krastanov
mode at substrate temperature of 470 1C measured by a
pyrometer. High-growth-temperature GaAs spacer layers
were applied during growth of QDs to suppress the formation
of dislocations. During QD growth, direct Si-doping was
carried out with dopant densities of 0, 6, 12, 18, and 24
electrons per QD and the QDSCs were named as 0e, 6e, 12e,
18e, and 24e QDSCs, accordingly. The doping density is
calibrated using a QD sheet density of 3.0 1010 cm2
measured from atomic force microscope (AFM) (see
Supporting information, Figure S1). Two GaAs reference SCs
share the same growth conditions without QDs with one being
GaAs reference SC and another being 18e GaAs SC, which was
doped in the intrinsic region same as the 18e QDSC.
Post-MBE growth, the SCs were cleaned using acetone for
10 mins in an ultrasonic bath, the process was then repeated
with isopropanol. To remove surface oxidation, the SC was
immersed for 20 s in a 1:1 solution of concentrated hydro-
chloric acid and deionized water before rinsing in deionized
water and dried with nitrogen. A gold–zinc alloy was ther-
mally evaporated to form a grid-pattern p-type electrode
with the use of a metal mask. The thermally evaporated n-
type electrode coated the whole surface and consisted of
nickel/gold–germanium/nickel/gold (5 nm/150 nm/50 nm/
200 nm thicknesses, respectively). No anti-reﬂection coating
was deposited in the fabrication of the QDSCs.
Current density vs. voltage (J–V) measurements were
performed under one sun (AM 1.5G) illumination using a
LOT calibrated solar simulator with a Xeon lamp. A 4-point
probe station was used to connect the devices to a Keithly
2400 sourcemeter that output the data to Photor 3.1 soft-
ware. Photocurrent measurements were obtained with a
Halogen lamp chopped to a frequency of 188 Hz through a
Newport monochromator, a 4-point probe in connection
with a lock-in ampliﬁer was used to collect data. The
monochromatic beam was calibrated using a Silicon photo-
diode and the data analyzed with Tracer 3.2 software to
produce the external quantum efﬁciency (EQE).
Steady-state photoluminescence (PL) measurements
were performed using 532 nm excitation from a Nd:YAG
laser with a spot diameter of 20 μm and an unfocused diode-
pumped solid-state laser. Transient PL measurements used
2 ps pulses at excitation of 750 nm from a mode-locked Ti:
sapphire laser that produces an optical pulse train at
76 MHz; Hamamatsu synchroscan streak camera C5680 with
an infrared enhanced S1 cathode was used for signal
detection. The uncapped QDs surface morphology was
characterized by a Veeco Nanoscope V AFM.Results and discussion
The current density–voltage (J–V) characteristics of the Si-
doped InAs QDSCs and GaAs reference SCs are presented in
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Figure 1 Current density vs. voltage measurements obtained
under one Sun (AM 1.5G) illumination for Si-doped QDSCs, GaAs
SC, and 18e GaAs SC.
Table 1 Fill factor, power, and efﬁciency measure-
ments for Si-doped QDSCs and GaAs reference SCs
extracted from the J–V graph in Figure 1.
Device JSC (mA cm
2) VOC (V) FF (%) η (%)
0e/dot 17.2 0.777 67.8 9.1
6e/dot 15.1 0.833 66.1 8.3
12e/dot 15.0 0.858 68.4 8.8
18e/dot 14.7 0.882 73.2 9.5
24e/dot 14.3 0.858 69.3 8.5
GaAs 18e 14.6 0.890 69.1 8.9
GaAs 17.0 0.922 70.4 11.0
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Figure 2 External quantum efﬁciency (EQE) spectra measured
for Si-doped QDSCs, GaAs SC, and GaAs 18e. The inset shows a
semi-log scale EQE that corresponds to low-energy photons
absorbed by the QDs.
161Charged quantum dot solar cellsFigure 1. Although there is a small increase in photocurrent
for the QDSC without silicon doping, the VOC is signiﬁcantly
reduced from 0.922 V to 0.777 V. The difference in short-
circuit current density (JSC) may have resulted from the
optical quality of the QD/bulk interface and additional sub-
bandgap absorption from QDs [15,16]. The degradation of
VOC has been widely observed for QDSCs, and is one of the
major issues for realizing high-efﬁciency QD-IBSCs. Due to
the shallow conﬁnement potentials in the QDs, the thermal
escape of carriers dominates at room temperature. As a
result, the quasi-Fermi levels cannot be separated, which
causes the reduction in VOC. The J–V characteristics in
Figure 1 also show a clear inﬂuence of doping on the
performance of the solar cells (Table 1). With increasing
doping, the JSC gradually decreases from 17.2 mA/cm
2 for
the 0e QDSC to 14.3 mA/cm2 for the 24e QDSC. The Si
dopants can substitute both Ga and As sites or exist as
interstitials, forming point defects [17,18]. Therefore, the
reduction of JSC is attributed to defect states induced by Si-
doping. This reduces the lifetime of minority carriers and
consequently leads to increasing Shockley–Read–Hall recom-
bination (RSRH). At the same time, the decrease in depletion
region width caused by doping that reduces the effective
area for absorption could also contribute to the reduction in
JSC. The decrease of JSC after Si doping is further substan-
tiated by the EQE spectra in Figure 2 that shows reduced
photocurrent response in the supra-band-gap region (400–
900 nm) for the Si-doped SCs. To verify these assumptions,
a reference GaAs solar cell with the same doping proﬁle as
the 18e QDSC, hereafter named 18e GaAs SC, was fabricated
and tested. The 18e GaAs SC exhibits similar J–V character-
istics and EQE spectrum as the 18e QDSC. Compared with
the GaAs reference cell without Si doping in the intrinsic
region, the JSC and quantum efﬁciency of the 18e GaAs SC
are reduced to the same magnitude of that of the 18e QDSC.
This conﬁrms that the reduction in JSC of doped QDSCs has
to be linked to Si dopants.
Although the increase in doping density in the QDs results
in a decrease in JSC, the enhancement in VOC corresponds to
an overall improvement in efﬁciency after Si doping. With
increasing doping concentration in the QDs, the VOC has
gradually improved. The VOC increases from 0.777 V for the
0e QDSC to 0.882 V, a 105 mV recovery of VOC with Si-doping
for the 18e QDSC. At higher doping concentrations (24e) the
VOC starts to diminish (Table 1), which signiﬁes thatexcessive doping increases the contribution from RSRH. The
recovery of VOC with moderate doping density in QDs is
encouraging. Such an enhancement has been attributed to
saturation of the strain-induced dislocations of the QDs [19].
However, the high-growth-temperature GaAs spacer layers
were used for QD growth in the current study, and strain-
induced dislocations are expected to be minimized [20,21].
As shown in Figures 1 and 2, the reductions of both JSC and
EQE of doped QDSCs suggest a loss mechanism after the
presence of dopants in the QDs. Moreover, the 18e GaAs SC
shows a slight reduction instead of improvement of VOC
compared to the GaAs SC without doping in the intrinsic
region. Therefore, the saturation of dislocations by direct
doping can not be the origin of the VOC recovery in the
current study and the doping in the QDs more likely
introduces point defects that reduce the JSC instead of
compensating the strain-induced dislocations. In addition,
this presumption is also conﬁrmed by low-temperature PL
measurements, as shown in Figure 3a. At 10 K, the emission
of the undoped QDSC is higher than that of the doped
QDSCs. Because of the suppressed thermionic emission of
carriers at such low temperatures, the non-radiative recom-
bination via the mid-bandgap states is assigned as the major
cause of PL reduction in the doped QDSCs [22]. On the
contrary, the PL intensity increases with higher doping
concentration in the QDs at room temperature (RT) (shown
in Figure 3a) [23]. The enhanced emission of doped QDSCs
Figure 3 (a) Integrated PL intensity for Si-doped QDSCs with 0e, 6e, 12e, 18e, and 24e per QD measured at 10 K and room
temperature (RT). The normalized PL spectra measured at (b) 10 K and (c) RT. The laser excitation power is 28 mW.
Figure 4 Illustrations of charge distribution in the QDs for (a) un-doped QDs and (b) Si-doped QDs, respectively. Schematic
diagrams depict the electron relaxation pathways in InAs/GaAs QDSCs for (c) un-doped QDs and (d) Si-doped QDs, where E0 and E1
are the ground and ﬁrst-excited states, respectively. VWL is the potential barrier formed at the QD and wetting layer interface.
P. Lam et al.162suggests that PL quenching is suppressed by increasing the
thermal activation energy after Si doping (see Supporting
information, Figure S2). The thermal activation energy can
be expressed as Ea ¼ΔECEF , where ΔEC and EF is the
conduction-band discontinuity and the QD quasi-Fermi
level, respectively [24]. This increase in thermal activation
energy with doping density indicates a higher IB-CB poten-
tial separation, which could be the reason for recovered VOC
after doping.
It has been demonstrated that potential barriers can
form around QDs in a delta-doped structure by solvingself-consistently Schrödinger and Poisson equations [25].
Even though the dopants are directly supplied to the QDs in
this study, only some of the Si dopants are incorporated in
the QDs and the rest remain in the WL. As shown in Figure 4,
the Si dopants that remain in the WL supply free carriers to
the QDs and the QDs are then ﬁlled with electrons [26,27]. As
a result, a positively charged WL with ionized Si donors and
negatively charged QDs is created by direct Si doping
(Figure 4a and b). This is predicted to form a potential
barrier VWL at the WL/QD interface that increases with
doping density, and subsequently suppresses electrons
163Charged quantum dot solar cellsthermally escaping from the QDs (Figure 4c and d) [26]. This
assumption of the presence of a potential barrier agrees well
with the shift of PL spectra measured at 10 K and RT
(Figure 3b and c). The emission peaks from QD ground states
are shown at 10 K (about 950 nm) and RT (about 1050 nm) for
each Si-doped QDSC (Figure 3). The QD peaks undergo a
similar blueshift at both 10 K and RT that could be attributed
to the increase in quantum conﬁnement as the Si-doping
increases. The increase of doping density in the QDs induces
a blueshift in the PL peak wavelength as a result of enlarged
VWL. In addition, a blueshift of the QD EQE, as shown in the
inset in Figure 2 also points towards the possible increase in
the quantum conﬁnement of the QDs with higher doping
densities due to the formation of a potential barrier.
Interestingly, this blueshift is accompanied by an increase in
PL emission intensity of the WL (positioned at about 870 nm for
10 K and 920 nm for RT). Generally, as schematically shown in
Figure 4c, free carriers generated in the GaAs matrix can be
efﬁciently captured by the InAs QDs directly or via the WL
through processes such as Auger scattering or multi-phonon
emission [28,29]. The capture time constant is on the order of
ps which is much faster than the interband radiative recombi-
nation times (ns) [29]. Therefore, the increase in WL PL
emission with increasing Si doping in the QDs evidences
retarded carrier transport between the WL and QDs, leading
to a portion of carriers captured by the WL recombining
radiatively in the WL (Figure 4d). Excitation power dependent
PL spectra give further insight into the thermal decoupling
between the WL and QDs. As expected from the reduced
coupling between the WL and QDs with doping, the dependence
of PL spectra on the excitation power also demonstrates that
the WL peak dominates over the emission from the excited
states for the QDSCs with high doping densities (see Supporting
information, Figure S3 and Figure S4). This signiﬁes the
presence of a potential barrier at the QD–WL interface, and
provides additional evidence to support the decoupling
between the WL and QDs at a high doping density. Similarly,
this is also veriﬁed by the sub-bandgap EQE spectra shown in
the inset of Figure 2, which shows decreasing EQE contributionFigure 5 (a) Normalized transient photoluminescence (PL) spectra
measured at 10 K and 295 K. Photo-excited carrier decay times of t
and 295 K.from the QDs with increasing doping density. As the doping
density in the QDs increases, the sub-bandgap transition is
clearly reduced. For EQE measurements with monochromatic
illumination, the reduction of quantum efﬁciency for sub-
bandgap photons is a clear indication of suppressed thermal
escape of photo-excited electrons from the QDs [10,14]. It is
worth noting that the increase in doping density in the QDs can
also cause the Fermi level to shift towards the CB edge of GaAs,
which is another possible cause for the voltage recovery and
reduced interband transition in the QDs. However, the small
voltage difference (8 mV) between the 18e GaAs SC and 18e
QDSC cannot be fully attributed to the shift of Fermi level with
doping. Moreover, the blueshift of the EQE spectra of the QDSCs
with different doping concentration is relatively small com-
pared with the enhancement of VOC, which suggests that the
shift of ground states introduced by direct doping in the QDs
cannot be the main reason for the signiﬁcant recovery of VOC. It
is also possible that the increase of n-type doping in the
intrinsic region shrinks the deletion region so that the quantum
dot layers are mainly located outside of the deletion region. In
such a case, the VOC is also expected to increase. Therefore,
this possibility cannot be ruled out in the current study.
All the experimental results from EQE and steady-state PL
measurements suggest the voltage recovery is linked to the
suppressed coupling between the WL and QDs. The critical
question here is whether the voltage recovery measured at RT
can be attributed to the decoupling between the WL and QDs or
Si doping. As shown in the inset of Figure 2 and Figure 3c, the
QD thermalization and repopulation of WL are still possible at
RT, which might hinder the quasi-Fermi level split. To under-
stand this, the transient PL spectra of the doped QDSCs were
further studied at 10 K and RT, as shown in Figure 5. At 10 K,
the PL decay time of the QDs is nearly constant in the range
between 1.0 ns and 1.2 ns and the PL decay time of the WL
signiﬁcantly increases with doping density in the QDs (Figure 5b
and c). In contrast, the RT PL decay time of the QDs increases
with Si doping density in the QDs while the PL decay time of the
WL (150 ps) remain almost unchanged (Figure 5b and c). The
enhanced low-temperature PL decay time of the WL at highof Si-doped InAs/GaAs QDs and associated wetting layer (WL)
he QDs in (b) and the corresponding WL in (c) measured at 10 K
P. Lam et al.164doping concentration depicts the presence of a potential barrier
at the WL/QD interface that localizes the photon-excited
carriers in the WL for extended time. When the doping density
reaches 24e per dot, the degradation of the crystal quality
provides additional non-radiative channels for PL decay. At RT
(295 K), the Si doping has negligible effects on the PL decay
time of the WL because the thermalization becomes sufﬁcient
to delocalize the carriers in the WL despite the presence of a
potential barrier, VWL. The transient PL from the QD ground
states in Figure 5a shows two decay components at RT that
account for the extended decay time. The faster decay rate is
independent of the doping density and correlates with relaxa-
tion from the electron ground state E0 to the VB. The second
decay rate is dependent on the doping density and shows
prolonged carrier lifetime for higher doping densities. We
attribute this to the potential barrier at the WL/QD interface
that restricts the transition of photon-excited carriers into the
QD as well as the thermalization of carriers from the QDs back
into the WL and continuum (Figure 4d). This signiﬁcantly
prolongs the PL decay time of excited carriers in the QDs at
RT as shown in Figure 5b. This effect agrees with the observed
increase in thermal activation energy with doping and more
importantly, conﬁrms reduced thermal coupling between the
WL and QDs even at RT (295 K).Conclusion
In conclusion, we have demonstrated that direct Si doping in
QDs leads to an improved VOC as large as 105 mV. This could be
explained in terms of the reduced thermal coupling of QD states
from the WL and CB in GaAs QDSCs assisted by Si doping. This
reduced thermal coupling could be attributed to a potential
barrier formed between the WL and QDs. The formation of the
potential barrier was conﬁrmed by using EQE and steady-state
PL measurements. More importantly, the transient PL measure-
ments demonstrated a prolonged carrier lifetime in the QDs and
hence suppressed thermal coupling between the QD/(WL, CB)
at RT. Changes, e.g. depletion region width, in the devices
structure with doping in the QDs might also be attributed to the
voltage recovery, which should be kept in mind for future doped
QD-IBSC design and could be also particularly important for
maintaining a high short-circuit current of QDSCs. Nonetheless,
the ﬁndings presented here provide an easy and important
means to overcome one of the main challenges that face QD-
IBSCs, and bring us a step closer to realizing the high
efﬁciencies for QDSCs predicted by the IBSC theoretical model.Acknowledgments
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